Introduction
Lately, owing to increasing dependence on coal and crude oil, there are serious concerns that the world will face the depletion of these fossil resources shortly. Therefore, renewable energy sources are needed, and the efficient conversion of a biomass to petroleum-based precursor chemicals is considered to be the most feasible or possible solution [1, 2] . Itaconic acid (IA) is well known as one of the promising platform chemicals. Because of its chemical properties of being either self-polymerized or acting as a co-monomer with other monomers to form hetero-polymers, IA has been employed for a wide range of applications in various industries, such as detergent, shampoo, plastics, coating and adhesives, and biomedical fields [3] . Recently, it has been reported that the global market would reach over US$393.3 million by the year 2017. Thus, in order to meet the rapidly expanded market demand, and to efficiently replace the petrochemical feedstocks, it is required to develop an economic IA production process from the renewable resources [4] [5] [6] . Fortunately, the most favored process for the industrial production of IA is considered to be the fermentation process performed by the filamentous fungal cells of Aspergillus terreus [7, 8] .
Over the last few decades, metabolic pathways and related genes for the biosynthesis of IA in A. terreus have been studied [8-11; Wang et al. 2011 . Producing itaconic acid in yeast using glycerol as the substrate. US Patent US20110053232.]. The biosynthetic pathways were revealed to occur in two compartments, in the cytosol and in the mitochondrion [12] [13] [14] . As shown in Fig. 1 , the pathway starts with a sugar substrate such as glucose, and the carbon molecule is processed through glycolysis to pyruvate [1, 12, 15] . Part of the carbon is metabolized to acetyl-CoA, releasing a carbon dioxide molecule, and the other part is converted to oxaloacetate. Then, it is metabolized to malate, which is transported by the malate-citrate antiporter into the cytosol [8, 13] . Meanwhile, cis-aconitate, a precursor, is transported into the cytosol via a mitochondrial transporter named MTT, which has the same characteristics as the malate-citrate antiporter [8] . The cis-aconitate located in the cytosol is converted to itaconate by cis-aconitate decarboxylase (CAD) [2, 6, 16] , and then MFS, a plasma membrane transporter, excretes the itaconate, leading to the accumulation of IA outside the cells [12, 14] . Recently, through a clone-based transcriptomic approach to identify relevant genes for IA biosynthesis in the A. terreus genome, Li et al. [12] proposed a term, "itaconate gene cluster", consisting of four genes: reg (regulator), mtt (mitochondrial transporter), cad (cis-aconitate decarboxylase), and mfs (membrane transporter). In parallel, metabolic engineering approaches have been attempted using this gene cluster in order to enhance IA productivity of the IA-producing A. terreus, and also several other microorganisms [12, 17] . For instance, Straat et al. [6] overexpressed mttA and mfsA simultaneously in Aspergillus niger. They reported 5% increase in the IA production level, and also 20% increase in the IA production yield based on substrate (Y p / s ), as compared with those of its wild-type strain [6] . In view of those positive reports, we also intended to overexpress each gene of the IA gene cluster in this study, especially in a very high-performance mutant strain (A. terreus AN37), The following genes were individually overexpressed in this study: reg gene for a putative regulator, mtt for a putative mitochondrial tricarboxylate transporter, cad for cis-aconitate decarboxylase, and mfs for a putative membrane transporter.
for the purpose of further enhancement of IA production. The IA high-yielding control strain employed in this research has been developed through repeated rounds of screening programs with a high-throughput system in our laboratory [18] . In fact, further improvements in IA biosynthetic ability of the control strain have been observed to be almost impossible through consecutive applications of the well-known traditional mutagenesis and selection methods.
Materials and Methods

Strains and Cultivation Conditions
A IA high-yielding mutant strain of Aspergillus terreus (AN37 strain), which was developed through several rounds of intensive screening programs in our laboratory, was used as a host control strain in this study [19] . Escherichia coli HST08 Stellar competent cells (Takara Bio Inc., Japan) were used for DNA transformation and plasmid isolation. For preparation of the fungal spores, the A. terreus cells were grown on potato dextrose agar plates for 5 days, and then suspended with 20% of glycerol. The growth and production media optimized by Shin et al. [18] were utilized in this study (the only difference is the biological detergent; i.e., 15 ml/l of Tween 80 instead of 5 ml/l of PEG). All the strains were cultivated at 37 o C with shaking at 230 rpm for the growth culture and at 250 rpm for the production culture, in 300 ml Erlenmeyer flasks (40 ml working volume). The cultivation in a 5 L lab-scale fermenter was performed as outlined in the study of Shin et al. [18] . Antibiotics used for the selection of transformants were ampicillin (50 to 100 mg/l) and pyrithiamine (0.1 and 0.5 mg/l).
Gene Cloning and Construction of Expression Vectors
The expression vectors used in this study were derived from pPTRmstE harboring a strong constitutive promoter and a terminator of A. nidulans (Fig. S1 ). After removing the mstE gene, each of the four targeted genes in the itaconate gene cluster (ATEG_09969 (reg), ATEG_09970 (mtt), ATEG_09971 (cad), and ATEG_09972 (mfs)) was cloned into the region between the gpd promoter and the terminator of pPTRmstE [20] . The respective target gene was amplified by the polymerase chain reaction (PCR) using the genomic DNA of the IA high-yielding mutant strain (AN37). The PCR primers were designed based on the sequence data of the National Center for Biotechnology Information (Table 1) . Using BamHI and EcoRI (Takara Bio Inc., Japan), each of the PCR-amplified gene fragments was cloned into the expression vector and then used, respectively, for the fungal cell transformation [21] .
Real-Time Reverse Transcription (RT)-PCR
Gene expression levels were measured by the real-time RT-PCR. The total RNA was isolated using liquid nitrogen and the RNeasy mini kit (Qiagen, USA) from the transformed fungal cells harvested at different cultivation times. Complementary DNA (cDNA) was synthesized from the extracted RNA using a PrimeScript II 1 s t strand cDNA Synthesis Kit (Takara Bio Inc., Japan). Primers were designed to target the respective gene in the itaconate gene cluster, and beta-actin was used as a reference gene ( Table 2) . Real-time RT-PCR was performed with the synthesized cDNA as a template, the primers, and SYBR Green Master Mix (Takara Bio Inc., Japan), using the Eco Real-time PCR System (Illumina, USA).
Protoplast Formation, and Transformation of A. terreus through the Restriction Enzyme-Mediated Integration Method
The aim of the restriction enzyme-mediated integration (REMI) method is to introduce constructed vectors into genomes using active restriction enzymes to induce overexpression of targeted genes [22] . REMI is a technique for integrating DNA (linearized plasmid) into the genome sites that have been generated by the same restriction enzyme used for the DNA linearization. The plasmid integration occurs at the corresponding sites in the genome, often by regenerating the recognition sites by the same restriction enzyme used for plasmid linearization [23] . The key factors for the efficient protoplast-REMI transformation are the following: the choice of an enzyme to digest cell walls, the choice Table 1 . Primers used in the gene cloning process for construction of the expression vectors, i.e., PTR/cad, PTR/mtt, PTR/reg and PTR/mfs.
Primers
Sequence ( of restriction enzymes applied to plasmid DNA, the amount of restriction enzyme used, and the concentration of plasmid DNA [22, 24, 25] . Initially, the control strain of A. terreus (AN37) was cultured in the growth medium for 2 days in a shaker (230 rpm, 37 o C), and the cultured broth was filtered through a 25 µm pore filter paper (Whatman, USA) by vacuum filtration to collect the producers' mycelia. The suspended mycelial cells (0.5 g) and 10 ml of protoplast-forming solution were mixed in 100 ml flasks and incubated in a shaker for 2 h (170 rpm, 30 o C) to generate the fungal protoplasts. For the protoplast formation, two enzymes (Yatalase from Takara Bio Inc., Japan, and lysing enzyme from Sigma, USA) were used, generating about 9.95 × 10 8 protoplasts/ml. The expression vectors (20 µl) linearized by the restriction enzymes (NdeI, SpeI, AttII, AflII) were put into the protoplast solution (200 µl) in a 1.5 ml tube, with further addition of the restriction enzymes (7-10 µl) used for the vector linearization. After 30 min incubation, 1 ml of PEG was added in order to facilitate the introduction of the restriction enzymes and the plasmids into the fungal protoplasts, and then the mixture was incubated at 30 o C for 20 min. Sequentially, the whole mixture was poured onto Czapek-Dox medium (CDM) containing 0.6 M sorbitol as an osmotic stabilizer, and pyrithiamine as an antibiotic selection pressure. The fungal protoplasts that took up the linearized plasmids and were then regenerated on the selective CDM plates were regarded as putative transformants.
Identification of the Transformants, and Analysis of Itaconic Acid
Spore conditions were optimized for the PCR to detect the presence of the inserted genes. A total of 1,200 to 1,500 spores were transferred into 20 µl of the PCR mix, and the PCR was performed as follows: initial denaturation for 2 min at 98 Gel electrophoresis for the PCR products was performed to confirm the success of the transformation. The cad and mfs transformants were identified by amplifying the specific regions from the promoter to the terminator of the plasmid, using the spore PCR method. Similarly, particular regions between the promoter and the terminator were amplified to confirm the insertions of each of the reg and mtt genes. To determine the concentrations of IA and residual sugars (glucose and fructose) as well, high-performance liquid chromatography (HPLC) was performed with an Alliance HPLC System (Water Corp., USA) equipped with an Aminex HPX-87H column. To measure the dry cell weight (DCW), 1 ml of fermentation broth was rinsed three times with ultrapure water, completely dried in an oven at 70 o C for 24 h, and then weighed.
Results and Discussion
Expression Profiles of Genes in Strain AN37
To identify the genes that are crucial for IA production, the following four genes were selected in this study, based on their roles in the IA biosynthetic pathways: reg for a putative regulator, mtt for a putative mitochondrial tricarboxylate transporter, cad for cis-aconitate decarboxylase, and mfs for a putative membrane transporter (Fig. 1) . The expression levels of these four genes in A. terreus AN37 were determined by the real-time RT-PCR, using the samples taken at different cultivation times from a 5 L lab-scale fermenter (Fig. 2) . IA production started at 62 h, with a maximum production level of 43 g/l at the end of the fermentation. Of the four targeted genes, the expression levels of reg and mtt increased gradually, with the final extent of mtt expression reaching about three times higher compared with the start of the fermentation. In contrast, the expression of cad increased until 62 h, but decreased slightly thereafter. Notably, the level of mfs gene expression was observed to be maintained lower than those of the other three genes during the whole fermentation time. IA production appeared to begin after reg, mtt, and cad were all expressed in the producing microorganisms. Therefore, it was assumed that overexpression of these genes could lead to enhanced production of IA by the transformed producers.
Construction of Expression Vectors and Development of Transformants
Four expression vectors to be introduced individually into the protoplasts of the IA high-yielding A. terreus (AN 37) via the REMI method were successfully constructed in this study (Fig. S2) . These vectors harbored the pyrithiamine and ampicillin resistance genes as selectable markers in A. terreus and Escherichia coli cells, respectively. The vectors were equipped with the strong constitutive promoter (gpdA) and the terminator (trpC) that would promote the expression of the respective target gene in the producing cells. As represented in Fig. 3 , the efficiency of the REMI method was observed to depend on the kind of restriction enzymes. For the linearization of the plasmids pPTRcad and pPTRmtt, NdeI was used as the restriction enzyme; the plasmid pPTRreg was treated with SpeI and AflII, and pPTRmfs with AatII. NdeI was the best one among the restriction enzymes tested, generating 59 putative transformants after transformation, whereas SpeI, AatII, and AflII resulted in 48, 8, and 11 putative transformants, respectively. Subsequently, genuine transformants were further screened from the putative transformants via the spore-PCR method. Of the cad transformants above, eight out of the 16 were found to be the genuine ones, the PCR fragments of which were the same size as that of the positive control (Fig. S3) . Using the same strategy for the mfs transformants, five out of 29 candidates were selected as the genuine transformants. Seven mtt and two reg transformants could also be selected using the spore-PCR method.
Notably, the cell growth of the resulting transformants appeared to be somewhat limited, possibly due to the protoplast-REMI transformation process employed in this study. The final cell mass of the respective transformant was distributed in the relatively broad range of 5-11.3 g DCW/l (average cell mass of the non-transformed control strain was around 10.7 g DCW/l) (data not shown). The respective target gene included in the restriction enzymelinearized plasmid DNA appeared to be integrated into some essential genome sites of the IA-producing cells, with collateral damage to the producers' genome to a certain degree. Nonetheless, all the transformants were observed to produce high amounts of IA, ranging from 60 to 75 g/l, and also to completely consume the supplied C-source (120 g/l of glucose) at the end of the shake-flask fermentations, indicating relatively small differences in the IA production yield based on glucose consumption (Y (g DCW/g glucose) (data discussed in the section below). It could be assumed, therefore, that the REMI transformation procedure did not cause the frameshift mutations to the genes related to the IA biosynthetic pathways.
Expression of reg, mtt, cad, and mfs in Strain AN37 Not every cad transformant showed increased IA productivity (Fig. 4) . Five strains out of the eight AN37/cad transformants produced higher levels of IA than the control IA high-yielding mutant strain, and notably, one of them (AN37/cad8) produced around 75 g/l of IA, the highest amount among all the transformants (Figs. 4, 6 , and 8). On average, the highest-yielding transformant was observed to produce only 5% more IA than the control strain (AN37), despite the almost twice higher expression level of the cad gene compared with the control during the whole fermentation time (Fig. 5 ). This result is rather contrary to our expectation, since the protein encoded by the cad gene has been reported as one of the key enzymes in the IA biosynthetic pathways. Apparently, the complex random mutations that occurred to the high-performance control strain during the long-term mutation and screening programs could be one of the reasons for this phenomenon. Another important fermentation parameter, the IA production yield based on glucose consumption (Y p / s ) (g IA/g glucose), was 0.63 and 0.68 for the control and AN37/cad8 strain, respectively (7.3% higher Y p / s for the transformant) (Fig. 4) . As shown in Fig. 6 , all the mfs-transformed strains showed higher IA production and Y p / s than the control strain, contrary to the cad-transformed strains. Whereas the control strain AN37 produced an average of 60 g/l of IA, the AN37/mfs transformants produced around 64 g/l on average. Notably, one of the mfs transformants (AN37/ mfs2) produced 65 g/l of IA, which was about 7% higher than that of the control. The average production yield (Y p / s ) was 0.67 (g IA/g glucose) for these transformants, whereas only 0.62 for the control strain. Based on these results, it could be assumed that the overexpression of mfs in the transformants (as indicated in Fig. 5 ) was beneficial, revealing that the role of transporting the accumulated itaconate out of the cell is crucial for the enhancement in IA production. Similar to our result, Huang et al. [26] reported that all 26 mfs transformants showed higher IA productivity than the parallel wild-type strain, maximally 5.1% higher in the case of the best producer. Recently, it was reported by Li et al. [12] that the mfs gene encoding a putative transporter is a diverse family of transporter proteins, transporting compounds ranging from sugars to organic acids, including dicarboxylic acids such as IA.
In order to further investigate the role of the mfs gene, another set of the batch fermentation experiment was performed with various concentrations of a biological surfactant (Tween 80) supplemented into the production medium. Generally, in the fermentation process, the surfactant is used as a membrane-permeabilizing agent to facilitate secretions of various organic acids from the cell membranes [27] [28] [29] [30] . It has been found that there is usually an alteration in the membrane composition of phospholipids of the producer microorganisms growing under the surfactant-added environments, thus triggering activation of the transporter proteins anchored into the cytoplasmic membranes. In this experiment, the amount of the surfactant (Tween 80) added was 0 to 3, 6, 9, 12, 15, and 18 ml/l, respectively. In the cultures of no addition of Tween 80, both AN37 and AN37/mfs strains showed the lowest levels of IA production, as compared with the cultures with Tween 80 (Fig. 7) . Indeed, a maximal increase of 18.3% in IA production level was observed in the case of the mfs transformants relative to the control strain, once again indicating that the mfs overexpression could lead to enhancement in IA production to a relatively high degree. In the case of the control strain, IA production increased according to the increment in Tween 80 concentration up to 6 ml/l (thereafter, no significant changes in IA production levels). Meanwhile, the mfs-transformed strains showed the highest IA production at 9 ml/l of Tween 80. Interestingly, there were no significant changes in the IA production levels when more than 3 ml/l of Tween 80 was supplemented into the production medium. From these results, it could be assumed that the mfs-transformed strains had enough activity of the transporter protein to actively secrete the biosynthesized IA out of the cell, only if approximately 3 ml/l of Tween 80 exists in the medium. This result implies that medium costs for mass production of IA could be reduced, since a small amount of Tween 80 is enough to efficiently permeabilize the IA-overproducing mfs transformants.
At this moment, it should be mentioned that small The error bars represent the mean ± standard error. Each of the IA highest-yielding transformants, AN37/cad8, AN37/mfs2, AN37/mtt7, and AN37/reg1, was cultivated in each shake-flask, and the RT-PCR levels of the individual transformant were compared with the nontransformed control strain, AN37, at different cultivation times. The relative expression level represents the relative quantification of the transcription level of each target gene. differences in the IA production level of the control strain were observed among each set of the shake-flask experiments (Figs. 4, 6 , 7, and 8). This phenomenon appeared to be probably due to the following reasons: (i) The biosynthesis of secondary metabolites such as IA is well known to be significantly affected by the culture environments, and also by the inherent variability of the shake-flask fermentation system [31] ; (ii) The IA high-yielding control strain employed in this study is a highly mutated one, selected through repeated rounds of mutagenesis programs. Nowadays, in order to diminish such production discrepancy, the strain improvement program usually relies on the use of a highthroughput screening system to process a large number of mutants as possible, such as miniaturization and automation [32] . As for the AN37/reg and AN37/mtt transformants, no significant differences were observed in their IA production (Figs. 8A and 8B), despite significantly higher transcription levels of the reg and mtt genes in the respective transformant during the entire fermentation period (Fig. 5) . Contrary to our expectations, in the AN37/reg transformation experiment, the nontransformed control strain showed higher IA production than the two parallel transformants (AN37/ ) (g IA/g glucose) (A) between the transformants (AN37/mtt) and the control strain (AN37) and (B) between the transformants (AN37/reg) and the control strain (AN37).
The error bars represent the mean ± standard error.
Fig. 7.
Comparison of itaconic acid production (g/l) between AN37 and AN37/mfs2, according to the concentration of Tween 80 supplemented to the production medium.
The error bars represent the mean ± standard error. reg1 and AN37/reg2) (Fig. 8B) . At this moment, therefore, it is suggested to further investigate the intrinsic roles of reg and/or mtt through deletion studies of these genes via a metabolic engineering approach, and thus to determine the effects of these genes' products on IA biosynthesis.
In summary, we attempted strain improvement programs through rationally selective approaches designed with the known biochemistry of IA biosynthesis and the metabolism of the IA-producing A. terreus cells. As expected, the overexpressed cis-aconitate decarboxylase (CAD) and putative membrane transporter (MFS) appeared to have some positive effects in the IA-producing fermentation process, leading to enhancement in IA productivity of the respective transformants (AN37/cad and AN37/mfs). Even though the maximal increases of 13.6-18.3% (5-6% increases in the case of average increase) in IA productivity of the transformed strains appeared to be relatively small, these results should still be noted, since a very high-performance mutant (i.e., AN37 strain obtained through repeated rational screening programs in our research group) was employed as a parallel control in this study. In fact, it has been almost impossible to further improve the IA biosynthetic ability of the IA high-yielding mutant strain through use of the traditional consecutive mutagenesis and screening strategies.
